Turkish Journal of Electrical Engineering and Computer Sciences
Volume 30

Number 3

Article 1

1-1-2022

Investigations on cogging torque mitigation techniques of
transverse flux motorfor direct drive low-speed spacecraft
applications
RAVICHANDRAN MH
VENKATAKIRTHIGA MURALI
HARIDAS TR

Follow this and additional works at: https://journals.tubitak.gov.tr/elektrik
Part of the Computer Engineering Commons, Computer Sciences Commons, and the Electrical and
Computer Engineering Commons

Recommended Citation
MH, RAVICHANDRAN; MURALI, VENKATAKIRTHIGA; and TR, HARIDAS (2022) "Investigations on cogging
torque mitigation techniques of transverse flux motorfor direct drive low-speed spacecraft applications,"
Turkish Journal of Electrical Engineering and Computer Sciences: Vol. 30: No. 3, Article 1. https://doi.org/
10.55730/1300-0632.3792
Available at: https://journals.tubitak.gov.tr/elektrik/vol30/iss3/1

This Article is brought to you for free and open access by TÜBİTAK Academic Journals. It has been accepted for
inclusion in Turkish Journal of Electrical Engineering and Computer Sciences by an authorized editor of TÜBİTAK
Academic Journals. For more information, please contact academic.publications@tubitak.gov.tr.

Turkish Journal of Electrical Engineering & Computer Sciences
http://journals.tubitak.gov.tr/elektrik/

Research Article

Turk J Elec Eng & Comp Sci
(2022) 30: 469 – 486
© TÜBİTAK
doi:10.55730/1300-0632.3792

Investigations on cogging torque mitigation techniques of transverse flux motor
for direct drive low-speed spacecraft applications
Ravichandran MH1 , Venkatakirthiga MURALI2,∗, Haridas TR1
1
ISRO Inertial Systems Unit, Trivandrum, India
2
Department of Electrical and Electronics Engineering, National Institute of Technology, Tiruchirapalli, India
Received: 24.03.2021

•

Accepted/Published Online: 13.09.2021

•

Final Version: 21.03.2022

Abstract: The transverse flux motor (TFM) is an ideal choice for direct drive high torque applications owing to its
proven higher torque density compared to the radial flux and axial flux motors. TFM motors have several merits to be
used for spacecraft applications, considering the everlasting demand of the industry for reduction in power and mass.
This paper investigates the various cogging torque mitigation techniques for transverse flux motor to be effectively used
as the drive motor for precise position control spacecraft requirement. The paper discusses the basic design variables
of surface mounted TFM (SM-TFM) that are to be considered for minimizing the cogging torque. The effectiveness of
cogging torque mitigation techniques are presented for two cases of SM-TFM, one with maximum cogging torque and
the other with minimum cogging torque. The different torque ripple minimization techniques studied include skewing
of rotor poles, notching of the stator poles, introduction of asymmetry in the stator structure, provision of wedges by
the side of poles, segmentation of the magnets and introduction of shunt. The effectiveness of these cogging torque
mitigation techniques is studied on two hardware variants of the TFM, one with the modified stator having shunt and
the other with the modified rotor having low remanence permanent magnet. The TFM with a shunted stator is effective
in torque ripple reduction in addition to the improvements in electromagnetic torque.
Key words: TFM, electromagnetic torque, cogging torque, torque ripple, skewing, asymmetry, notch and shunt

1. Introduction
The most important design consideration in the choice of low-speed high-performance torque motors for spacecraft applications is to obtain high torque density and eﬀiciency and to minimize the torque ripple, and its
related harmonics [1]. The presence of cogging torque or detent torque in the drive motor for the mechanism
should be kept as low as possible, else it might result in micro-vibrations. Micro-vibrations created by the
cogging torque will be transmitted to the spacecraft, which in turn affect the platform stability of the agile
satellites [2]. The effects of torque ripple are undesirable in demanding spacecraft applications which require
positional accuracy of less than a few arc second [3]. Torque ripples lead to speed oscillations which cause
deterioration in the performance. They also excite resonances in the mechanical portion of the drive system,
producing acoustic noise.
1.1. Transverse flux motor
The TFM was first introduced and named by Weh in 1986. In a TFM, the electromagnetic force vector is
perpendicular to the magnetic flux lines. In contrast, in standard or longitudinal flux motors, the electromagnetic
∗ Correspondence:
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force vector is parallel to the magnetic flux lines. Higher torque density is the prominent attractive feature of
TFM. As the electric and magnetic loadings are independent, the achievable power to total machine weight ratio
for active rotor TFM ranges between 0.5–2.0 kW/kg compared to 0.24–0.8 kW/kg for conventional machines.
The capability to design a TFM with a higher pole number makes it superior to the axial and radial flux motor
for low-speed and high-torque applications. TFM is capable of producing very high torque per unit volume
provided that pole number is high [4]. TFMs are classified based on the type of excitation, its electromagnetic
configuration, and the construction feasibility. Surface-mounted TFM is the basic configuration of TFM, where
the permanent magnets are mounted on the surface of the rotor. Transverse flux motor is gaining due popularity
due to its high torque density, making it an ideal candidate for direct-drive, large-torque, low-speed aerospace
applications [5–8]. The major disadvantages of TFM are construction complexity and manufacturing diﬀiculty
due to complex structure.
1.2. Cogging torque
The interaction of the stator pole and a permanent magnet in torque leads to the production of cogging
torque [9]. For low-speed drive mechanisms, having lesser inertia, cogging torque affects the speed stability
of the system significantly. The projecting poles in the rotor and stator make the effect predominant on the
production of cogging torque in TFM. This reluctance torque can be minimized either by minimizing the change
in the reluctance of airgap or by reducing the airgap flux density. Reduction of cogging torque in TFM is the
major design criteria as it does not contribute to any useful torque and results in pulsating torque and torque
ripple, particularly at light load and low speed. Various techniques for the minimization of cogging torque are
detailed in [10]. The cogging torque reduction techniques like the introduction of skewing, notches and effect of
pole-arc to pole-pitch ratio is given in [11]. The effect of pole number on electromagnetic torque and cogging
torque is given in [12]. The effect of magnet shape on cogging torque is elaborated in [13]. Effect of skewing and
step skewing are given in [14–17]. The use of alternate magnet pole-arcs is proposed in [18]. Symmetrical and
asymmetrical shifts of the stators in TFMs are presented in [19] as a method of torque ripple reduction. The
stator tooth shapes are also optimized to reduce cogging torque in [20]. Stator displacement of double-sided
machine is given in [21, 22]. Cogging torque minimization of flux switching TFM is detailed in [23]. Other
techniques like multi-level skewing is provided in [24] and Herringbone technique in [25]
The conventional cogging torque mitigation techniques used in brushless DC (BLDC), permanent magnet
synchronous motor (PMSM) and switched reluctance motor (SRM) are extensively studied for SM-TFM. The
objective of this paper is to study in detail these cogging torque mitigation techniques for SM-TFM and to
make a comparative analysis to select a suitable technique that is capable of meeting the demands of maximum
electromagnetic torque and minimum cogging torque and torque ripple. The influence of the basic parameters
of the machine like the pole number, thickness of the airgap, the radial and axial thickness, and the remanence
of the magnet was studied in detail to select the optimum value. The rotor and stator pole-arc are selected as
the design variables and the parametric analysis of the same was carried out. Here two cases were identified
one with maximum and the other with minimum cogging torque. The total stored electromagnetic energy in
the airgap of the machine remains constant. Cogging torque shall be reduced by increasing the cogging torque
pulsation in the airgap, thus by reducing its peak. Various cogging torque mitigation techniques like, effect of
skewing, introduction of machine asymmetry, notches, wedges and shunt, segmentation of magnets were studied
in detail for these two cases. Experimental validation of the machine was carried out to study the effect of pole
number, shunting of stator and remanence of the permanent magnet.
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TFM has complex magnetic field distribution and calls for 3-D finite element analysis (FEA). Commercially available FE software, Ansys Maxwell-3D was used to carry out the electromagnetic analysis. Section
2 gives the details of the influence of basic design parameters of TFM on cogging torque and the selection of
cases based on design variables. Section 3 gives the study of various cogging torque mitigation techniques on
the selected cases. Section 4 provides the realization details and the experimental validation of three variants
of TFM and paper concludes with Section 5.
2. Influence and selection of design variables for cogging torque minimization
The SM-TFM under analysis has 14 rotor pole pairs as shown in Figure 1. Number of iteration for a FEA
simulation is 20 and the error between subsequent iterations is 0.1%. After 20 passes, the number of tetrahedrons
for the model is nearly 7 Lacs and the time elapsed for one simulation is 35 min.

Rotor
Stator

TFM
with 3
Stacks

Meshing
PM
Segments

Figure 1. Solid model, flux distribution and meshing pattern of SM-TFM

The Stator and rotor pole-arc to pole-pitch ratio is 0.72 and 0.32, respectively. The radial thickness of
the magnet is 4 mm and the axial thickness is 53% of the total thickness. The stator has 450 turns of copper
wire and the excitation voltage is 42 V. The functional airgap between stator and rotor is 1 mm. The influence
of basic parameters of TFM like pole number, the thickness of airgap, the axial and radial thickness of the
magnet on cogging torque is studied on this SM-TFM. Pole-arc of stator and rotor are selected as the design
variables, and two cases were identified for further analysis.
2.1. Influence of basic parameters of TFM on cogging torque
2.1.1. Effect of pole number.
The electromagnetic torque in TFM is directly proportional to the pole number in TFM. Leakage between the
poles increases with the increase in the number of poles. This in effect reduces the useful torque. The results
are tabulated in Table 1.
Table 1. Effect of pole number

Pole number
Avg electromagnetic torque (Nm)
Pk cogging torque (Nm)
Torque ripple (%)

12
0.80
0.05
33.8

16
0.98
0.01
42.7

20
1.12
0.07
62.7

24
1.26
0.19
48.9

28
1.35
0.02
52.4

32
1.35
0.02
57.9

36
1.44
0.03
58.7
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Even though there is an increase in electromagnetic torque with the increase in the pole number, torque
ripple also shows a considerable increase with the pole number. The peak cogging torque shows a variation in
the pattern with the pole number.
2.1.2. Effect of air-gap
There exists a direct relationship between the torque produced by the motor and the air-gap thickness. Air-gap
is varied from 0.4 mm to 1.6 mm and its effect on developed torque is shown in Figure 2. It is inferred that
there exists a linear relationship between the thickness of the air-gap and the electromagnetic torque whereas
it is inverse-square for cogging torque. Cogging torque can be reduced with larger airgap. Higher excitation
will compensate the corresponding reduction in electromagnetic torque as magnetic and electric loading has no
inter-relationship in TFM.
2.1.3. Effect of remanence (Br) of permanent magnet
The remanence of the PM is varied from 10% to 100% and its effect on the performance parameters of TFM
is shown in Figure 2. It is inferred that electromagnetic torque, which is proportional to airgap flux density,
varies linearly with the remanence. With 30% reduction in the remenance of PM, there is 23% reduction in

3.0

1.2

2.5

1.0

Torque - Normalized

Torque - Normalized

electromagnetic torque, whereas cogging torque is reduced by 40%.

Electromagnetic Torque
2.0
1.5
1.0
Cogging Torque

Electromagnetic Torque

0.8

0.6
0.4

0.5

0.2

0.0

0.0

Cogging Torque
0.3

0.6

0.9
1.2
Thickness of Airgap (mm)
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1.8

0

0.1
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Remanence, Br of Magnet (Tesla)

1
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Figure 2. Effect of airgap thickness and remanence of magnet on electromagnetic torque and cogging torque of SM-TFM.

2.1.4. Effect of radial and axial thickness of the magnet
The role of radial and axial thickness of permanent magnet (PM) on developed torque is studied. In transverse
flux machines, the inactive magnets increase the leakage flux of the machine and hence the useful torque.
Cogging and electromagnetic torque variation with the change in the radial and axial thickness of the magnet
are shown in Figure 3. It is found that when the magnet radial thickness is 57% of the stator pole thickness, the
motor delivers maximum electromagnetic torque and cogging torque is 0.17 times the electromagnetic torque.
The electromagnetic torque follows the inverse parabolic relationship and is maximum when the axial gap
between the magnets is 53% of the total axial length, whereas cogging torque decreases in direct proportion
with axial inter pole gap. With the change in the radial and axial thickness of the magnet, the magnet volume
also changes and hence there is change in the mass of the magnet.
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Figure 3. Effect of radial and axial thickness of magnet on electromagnetic torque and cogging torque of SM-TFM.

2.2. Selection of design variables – variation of pole arc
The pole-arc to the pole-pitch ratio (t/ λ ) of stator and rotor poles has a prominent effect on the developed
torque of TFM. It affects the magnitude and the pattern of the developed torque. With the variation of pole-arc
angle, the shape of Back EMF changes which in turn affects the average electromagnetic torque. Stator pole
thickness variation also has a similar impact on the torque pattern as that of the rotor pole-pitch. Stator and
rotor t/ λ are selected as the design variables. The variation of the cogging and electromagnetic torque of TFM
under analysis with the variation of rotor and stator t/ λ is shown in Figure 4.
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Figure 4. Effect of stator and rotor t/ λ on developed torque

It is inferred that, there are two rotor t/ λ where the cogging torque is minimum. The electromagnetic
torque varies linearly till the second minimal point and flattens then after. Stator t/ λ is not as significant as
rotor t/ λ as far as cogging torque is concerned. Parametric analysis with the variation of stator and rotor t/ λ
was carried out. Stator t/ λ is varied from 21.6% to 64.9% and rotor t/ λ is varied from 44.4% to 88.8%. The
effect of these design variables on cogging torque, torque ripple and developed torque are tabulated in Table 2.
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From the parametric analysis of the design variables, two cases were selected one with near minimum
cogging torque (Case-1) and the other with near-maximum (Case-2). The details are tabulated in Table 3.
Table 2. Effect of design variables on cogging torque, developed torque and torque ripple of TFM.

Stator
pole
arc %
21.6
27.0
32.4
37.8
43.2
48.6
54.1
59.5
64.9

44.4
0.46
0.36
0.39
0.53
0.45
0.22
0.51
0.41
0.23

Cogging
55.5
0.85
0.08
0.89
0.99
0.31
0.67
0.84
0.29
0.70

Torque (Nm)
66.7 77.8 88.9
0.38 0.46 0.82
0.29 0.28 0.21
0.68 0.38 1.08
0.47 0.53 1.05
0.13 0.41 0.20
0.52 0.20 0.80
0.45 0.49 0.90
0.11 0.40 0.09
0.53 0.26 0.93

Rotor Pole-arc (%)
Torque Ripple (%)
44.4 55.5 66.7 77.8
179 155 126 108
174 125 84
74
153 105 66
35
116 91
63
45
124 92
77
65
171 132 101 87
217 146 113 88
164 174 140 115
151 136 154 162

88.9
95
39
32
49
61
62
81
108
157

44.4
1.28
1.26
1.25
1.27
1.23
1.13
1.08
1.14
1.12

Dev Torque(Nm)
55.5 66.7 77.8
1.54 1.74 1.83
1.58 1.84 1.95
1.57 1.82 2.00
1.54 1.77 1.92
1.52 1.72 1.89
1.44 1.70 1.88
1.42 1.68 1.85
1.34 1.57 1.68
1.30 1.39 1.38

88.9
1.89
2.06
2.04
1.98
2.01
2.02
1.92
1.68
1.34

Table 3. Details of selected Case-1 and Case-2

Design
Variables
Case-1
Case-2

Stator
t/λ (%)
27.0
48.6

Rotor
t/λ (%)
55.5
88.9

Cogging
Torque (Nm)
0.08
0.80

Torque
Ripple (%)
125
62

Developed
Torque (Nm)
1.58
2.02

The other design data like pole pairs, airgap thickness, radial and axial thickness of magnet, windings
and excitation voltage are as given in Section 2. The solid model and the developed torque of TFM for these two
cases are shown in Figure 5. It is inferred that, compared to Case-2, in Case-1, cogging torque is less and torque
ripple is more as the variation in electromagnetic torque is more. Even though cogging torque is the major
contributor to torque ripple, here in TFM electromagnetic torque pattern also plays a role in the torque ripple.
In both cases, cogging torque and torque ripple pose an inverse relationship. Even though the peak torque for
the two cases are identical, the minimum developed torque for Case-1 is lesser than for Case-2. This led to an
increase in the torque ripple in Case-1. To reduce torque ripple, the pattern of the developed torque also has
to be modified in addition to the minimization of the cogging torque. From the flux pattern, it is inferred that
the flux density at the stator pole for Case-2 is lesser than Case-1 because of the increase in volume.
3. Effect of cogging torque mitigation techniques
Here in this section, various cogging torque mitigation techniques are implemented on the identified two cases.
The effect of the cogging torque mitigation techniques on developed torque and torque ripple are detailed.
3.1. Effect of skewing
The most common and basic method for the reduction of cogging torque is skewing. [10, 25]. Skewing is carried
out either in the stator or rotor, continuously or in steps. Unlike PM machines, stator skewing will not add
complexity to TFM. The effect of simple and stepped skewing was studied.
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Figure 5. Solid model and the developed torque pattern of TFM - Case-1 and 2.

3.1.1. Simple skewing
Parametric analysis of the skew angle was carried out in both cases. The skew angle is varied to 100% of the
pole-pitch. The solid model and the developed torque pattern with the change in the skew angle for both the
cases are shown in Figure 6. It is inferred that, In Case-1, there is no appreciable reduction in the cogging
torque till 50% of skew angle but increases drastically after half skew. There is a reduction in torque ripple
till 50% of skew angle in this case. For Case-2, it is found that there exist two skew angles where the cogging
torque is minimum. However, torque ripple increases with the increase in the skew angle and decreases beyond
80% of the skew angle. There is a reduction in the electromagnetic torque with the increase in the skew angle
in both cases.
Skew Angle

2.1
Case-2, Electromagnetic
Torque

Stator Stacks

Skewed
Stator Pole

Case-1

Torque (Nm), Ripple (x 100 %)

1.8
Case-1, Electromagnetic
Torque
1.5
1.2
Case-2, Ripple
0.9
Case-1, Ripple
0.6
0.3

Case-2, Cogging
Torque

Case-1, Cogging
Torque

0.0
0%

20%

40%
60%
Simple Skewing - Skew Angle

80%

100%

Case-2
Figure 6. Solid model and the developed torque pattern of TFM with simple skewing - Case-1 and 2.
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3.1.2. Stepped skewing
Even though the half or full skew of the stator eliminates the cogging torque, it possesses certain practical
diﬀiculties in manufacturing. This can be overcome by an alternative approach called stepped skewing. Here
the skewing is done in discrete steps. This approach is studied in Case-1 and Case-2. The solid model and
the developed torque pattern with stepped skew for both cases are shown in Figure 7. It is inferred that as
in simple skewing, cogging torque and torque ripple follow the same pattern with the skew angle but with
increased magnitude. With stepped skewing, there is a reduction in the electromagnetic torque in both cases
than of simple skewing.
2.1

Case-1

Case-2,
Electromagnetic
Torque

Stator

Step-Skewed
Stator poles
Case-2

Torque (Nm)

1.8

Case-1,
Electromagnetic
Torque

300%

1.5

250%

1.2

200%

0.9

Case-2,
Ripple

Case-1,
Ripple

150%

Case-1,
Cogging
Torque

0.6

Skew
Angle

350%

100%
Case-1,
Cogging
Torque

0.3
0.0
0%

Ripple

\

10%
20%
30%
40%
Stepped Skewing - Skew Angle (% of Pole pitch)

50%

0%
50%

Figure 7. Solid model and the developed torque pattern of TFM with stepped skewing- Case-1 and 2.

Leakage flux analysis is carried out for this simple and stepped skewing. Leakage flux distribution
patterns for both cases are identical and the leakage flux is relatively more at the outer surface, where there is
no interaction of stator and rotor segments. In addition, it is found that for stepped skewing, the maximum
leakage flux outside the motor was 15 Gauss (max) whereas it is 4 Gauss (max) for simple skewing.

3.2. Influence of machine asymmetry - pole shifting
There is a component in cogging torque, whose period is one half of the slot-pitch. All the rotor magnets are in
phase and their sum contributes to the total cogging torque [26–28]. The introduction of asymmetry modifies its
phase and thus reduces its sum and hence the cogging torque. The symmetry of the machine can be disturbed
by using techniques like pole-shifting and pole-pairing. While most of the pole-pairing techniques disturb the
symmetry, some of the techniques introduce more symmetry and lead to the unbalance of the rotor. Two types
of pole-shifting (1. in the same stack, 2. in opposite stack) were adopted for both cases. The model is shown
in Figure 8.
The angle between adjacent poles under the same stator stack is modified in pole-shifting (same-stack)
type, and pole angle between opposite stacks is modified in pole-shifting (opposite-stack) type.
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From the developed torque profile and pattern for both cases shown in Figure 9, it is found that pole
shifting techniques are more effective in Case-2, where initial cogging torque is more. As pole shifting disturbs
the machine’s symmetry, there is a considerable reduction in developed torque for both cases with these two
approaches. Even though the torque ripple is less for opposite stack pole shifting at a lesser shifting angle for
Case-2, it rises beyond 15% of pole-pitch as partial portion of stator pole pair comes under the same polarity.

Pole shifting
in same stack

Normal
Pole pitch

Stator

Pole
shifting at
opposite
stack

Rotor with PM
Segments

Figure 8. Flux distribution of TFM without and with pole shifting (same and opposite stack)- Case-1.
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Figure 9. Effect of same and opposite stack pole shifting on the developed torque pattern of TFM - Case-1 and 2.

3.3. Notching of stator poles
In this technique, notches are provided in the stator pole. This acts as the additional tooth and increases
the number of times the permanent magnet interacts with the tooth tips, thus increasing the frequency of the
cogging torque [29]. As the energy in the airgap remains constant, the increase in the frequency decreases the
peak amplitude of the cogging torque. Figure 10 shows the solid model of TFM with single and double notch for
Case-1 and Case-2. It is seen that the tooth tip of the notches of stator pole with a double notch is experiencing
higher flux density due to material reduction.
Parametric analysis is carried out with the change in the thickness and height of the notch for both cases.
It is found that for both cases, the depth of the notch is not having a considerable effect on the performance
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as there is no material saturation. Developed torque and torque profile patten for both cases are shown in
Figure 11 and it is inferred that both single and double notch configurations are more effective for Case-2 in
cogging torque reduction. Electromagnetic torque decreases considerably from the initial value in single notch
configuration than in double notch, with the increase in the notch thickness for both cases.
In a single notch configuration, torque ripple decreases in Case-1 when the notch thickness is more than
50% of the pole thickness. In double notch configuration, cogging torque decreases in Case-2 when the notch
thickness is more than 40% of the pole thickness.

Thickness
of Notch

Case-1, Single Notch

Case-1, Double Notch

Depth of
Notch

Case-2, Single Notch

Case-2, Double Notch

Figure 10. Flux distribution of TFM with single and double notch - Case-1 and 2.
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Figure 11. Developed torque pattern of TFM with single and double notch - Case-1 and 2.

3.4. Effect of wedge
The general cause of cogging torque is fringing flux produced just before the overlap of the stator and rotor
teeth. The flux introduces torque variation [30] which can be overcome by modulating the fringing flux with
the introduction of wedges at stator poles of TFM as shown in Figure 12.
Parametric analysis is carried out with the variation of height and depth of wedge. There is no appreciable
change in the performance of the motor with the change in the height of the wedge as in the case of notching.
Developed torque and torque profile patten for both cases are shown in Figure 12 with the increase in the depth
of the wedge. It is inferred that wedges, which modulate fringing flux have minimum impact on electromagnetic
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torque as it is produced by main flux. Wedging is more effective in Case-2 as the contact area for fringing flux
is more and cogging torque is reduced by 76% when the wedge depth is 50% of the pole thickness.
2.1
Case-2, Electromagnetic Torque

Depth of Wedge
Torque (Nm), Ripple (x 100 %)
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1.8
1.5 Case-1, Electromagnetic Torque
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0.9
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Case-1, Cogging Torque
0

Stator Pole of SM-TFM with
wedge for Case-1

0%

10%

20%
30%
Wedge Depth (% of Pole thickness)

40%

50%

Figure 12. Flux distribution and developed torque pattern of TFM with wedge - Case-1 and 2.

3.5. Effect of magnet segmentation
For TFM with a lesser pole number, the magnet pole span will be large and will be realized in segments. Since
these segments have the same relative positions as stator slots, their interaction with the slots of the stator has
additive effect [31]. This additive effect can be broken by introducing asymmetry between segments. Figure 13
shows the flux distribution and the torque pattern of TFM with the variation of the gap between the segments
for a 3 segmented model. From the flux plot, it is found that the magnetic flux density at stator and rotor core
in this configuration is relatively lesser than that of other configurations, which is due to the reduction in the
magnetic loading.
Rotor with PM
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1.4
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Ripple

Case-1, with magnet
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Figure 13. Flux distribution and developed torque pattern of TFM with magnet segmentation - Case-1 and 2.
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Parametric analysis is carried out with the change in the thickness of segments and the gap between
segments. From the torque pattern shown in Figure 13, it is inferred that even though the magnitude of
electromagnetic torque is lower in both cases, which is due to the reduced magnetic loading, there is no
appreciable change with the variation in the gap between the segments, as it is not modulating the main
flux. Torque ripple shows an increasing trend for both cases. In Case-2, where the initial cogging torque is
higher, it reduced up to 81% of the initial value, when the inter-segment gap is increased as it creates asymmetry.
3.6. Effect of shunt
In surface mounted TFM, active torque is produced only by half of the magnets as the number of stator poles
is half of the rotor poles. Leakage flux produced by the other half of the magnets can be used to produce useful
torque with the introduction of shunts. [32]. The shape of the shunt can be tapered or square and made of
magnetic material placed between stator poles to use the flux produced by the inactive magnets. With the
introduction of the shunt, the flux produced by the inactive magnets gets a closed path through it. Figure 14
shows the TFM with square and trapezoidal shunt for both cases. It is seen for the flux pattern that flux density
at the bottom portion of the trapezoidal shunt is comparatively higher than that of with square shunt, which
helps in the marginal improvement of the alignment torque in TFM with a trapezoidal shunt. The thickness
and slant angle of the shunt are considered for the parametric analysis.
The effect of the slant angle on the performance of the motor is considerably less. Figure 15 shows the
electromagnetic torque pattern and torque ripple for both cases of TFM with the square shunt and trapezoidal
shunt (shunt angle is 25 ◦ ) with the variation of the thickness of the shunt.
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Square Shunt
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Trapezoidal Shunt
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Figure 14. Solid model of TFM with square and trapezoidal shunt - Case-1 and 2.
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Figure 15. Developed torque of TFM with square and trapezoidal shunt - Case-1 and 2.
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It is inferred that with the introduction of shunt, torque ripple reduces by 22% and 20% for Case-1 and
Case-2, respectively, which is due to the improvement of the second half of the electromagnetic torque pattern.
The comparison of the performance parameters of both cases of TFM under various cogging torque mitigation
techniques is tabulated in Table 4. All the techniques have a considerable effect in Case-2, where the initial
value of cogging torque is more. While Cogging torque decreases in Case-2 with mitigation techniques, torque
ripple increases with all techniques except wedging. In Case-1, where initial cogging torque is more, there is no
substantial reduction in the cogging torque, but a considerable reduction in the torque ripple.
Table 4. Comparison of various cogging torque mitigation techniques on the performance parameters of TFM.

Parameter

01.
02.
03.
04.
05.
06.
07.
08.
09.
10.
11.

Original
Skewing - Simple
Skewing - Multi
Notching - Single
Notching - Double
Pole shifting - Opposite
Pole shifting - Angle
Wedge
Magnet segmentation
Shunt - Square
Shunt - Trapezoidal

Cogging
Torque
(Norm)
0.05
0.02
0.09
0.17
0.34
0.03
0.03
0.05
0.16
0.08
0.09

Case-1
Developed
Torque
(Norm)
1.00
0.92
0.91
0.54
0.94
1.03
0.99
1.00
0.53
1.09
1.17

Torque
Ripple
((Norm)
1.00
0.86
0.67
0.45
0.93
0.98
0.91
1.00
0.63
0.82
0.78

Cogging
Torque
(Norm)
0.51
0.04
0.06
0.17
0.34
0.04
0.25
0.12
0.09
0.08
0.06

Case-2
Developed
Torque
(Norm)
1.28
1.17
0.48
0.94
1.04
1.18
1.23
1.27
0.60
1.25
1.27

Torque
Ripple
(Norm)
0.50
0.68
1.33
1.46
0.82
1.08
0.59
0.47
0.87
0.82
0.80

It is observed that both skewing techniques considerably reduce the cogging torque in Case-2 and torque
ripple in Case-1, where their respective initial values are more. With the increase in the skewing angle,
electromagnetic torque decreases. For Case-2, with the introduction of the wedge, there is a considerable
reduction in cogging torque which was not observed in Case-1. With magnet segmentation, the total magnetic
loading came down, which led to a decrease in electromagnetic torque in both cases. In Case-2, electromagnetic
torque decreases and torque ripple increases with the implementation of cogging torque mitigation technique.
Among all cases, the introduction of shunt has provided an added advantage of an increase in the electromagnetic
torque in addition to the decrease in torque ripple with minimal increase in cogging torque for Case-1.
4. Experimental validation
To experimentally verify the effect of the basic parameters of TFM and the most suitable cogging torque
mitigation technique, two variants of TFM were realized. This first variant is with rotor modification, to study
the effect of remanence of PM and the second variant is with stator modification, to study the impact of the
introduction of the square and trapezoidal shunt. The realized motor hardware units and the assembled motor
are shown in Figure 16. 49% cobalt-steel alloy is used as the stator and rotor material for the motor. Fabrication
is carried out using wire cut electrical discharge machining motor stator and rotor parts are fabricated from
49% cobalt-steel alloy rod by wire cut electrical discharge machining. 28 MGOe Samarium cobalt is used as
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a permanent magnet and magnetizer-calibrator assembly is used for magnetizing it to the required level. 25
AWG copper wire is used for stator winding and an automated coil winding machine is used for winding.

Stator of SM-TFM
without shunt

SM-TFM mounted on Torque
measuring test set-up

Stator of SM-TFM
with Square shunt

Holding arm
Rotor part

Stator part

Trapezoidal
Shunt

SM-TFM
with Shunt

Peizo Electric
Dynamometer

Rotary Table

Rotor of
SM-TFM

Stator of SM-TFM with
trapezoidal shunt

Figure 16. Hardware components and the torque measurement test setup of SM-TFM

4.1. Experimental setup and torque measurement
The developed torque of the realized single stack TFM is measured with an experimental set-up as shown in
Figure 16. It consists of a piezoelectric dynamo-meter/charge amplifier for measuring torque, a computerized
rotating table and an automated data acquisition system. Here the rotor was held firmly and the stator was
rotated continuously at the rate of 1 ◦ /s. Electromagnetic torque is measured by giving DC excitation to the
winding and the cogging torque is measured without giving excitation. The electromagnetic and cogging torque
patterns were taken for one pole-pitch.
4.2. Effect of remanence of permanent magnet
Samarium cobalt which possesses better thermal stability with an energy product of 28 MGOe is used as the
permanent magnet in both rotors. The magnetic circuit of the motor which contains hard and soft magnetic
material, and airgap of the motor decide the operating point of the motor. Change in the remanence of the
magnet changes the operating point of PM. The remanence of the PM can be changed while magnetization
by changing the magnetizing voltage. Two 28 poles rotors for TFM were realized, one with PM having the
remanence of 1.00 Tesla and the other with 0.6 Tesla. The variation of the peak cogging torque and average
electromagnetic torque for different excitation is shown in Figure 17. It is observed that till the excitation of
2A, developed torque varies linearly. Beyond 2A, there is a decrease in the slope which points out the material
saturation. The torque constant of the machine with low power magnet and high power magnet till 2A of
excitation is 1.00 Nm/A and 1.75 Nm/A, respectively.
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Figure 17. Variation of developed torque with excitation for SM-TFM with low power and high power magnet rotor.

4.3. Effect of shunt
Developed torque pattern was taken for the SM-TFM without and with square shunt & trapezoidal shunt stator
with the rotor combination of high and low power magnets and shown in Figure 17. It is observed that with
the introduction of the shunt, the peak of the second half of the developed torque pattern increased. The
torque pattern of TFM with a square and trapezoidal shunt is near identical. The performance parameters
are tabulated in Table 5. It is observed that the usage of low remanence magnets in place of high remanence
magnets in the rotor reduces the cogging torque by 69% with a 40% reduction in the developed torque. In this
case, torque ripple increases by 27%. With the introduction of shunt, even though cogging torque increases by
21%, torque ripple reduces by 22 % with 7% increases in the developed torque. This proportion is near-identical
also to low power magnet rotor. Developed torque is maximum for trapezoidal shunt stator with high remanence
rotor.
Table 5. Comparison of various mitigation techniques on the performance parameters of TFM.

Parameter

Stator without shunt
Stator with square shunt
Stator with trapezoidal shunt

Rotor with high remenance PM
Cogging Developed Torque
Torque
Torque
Ripple
(Norm)
(Norm)
((Norm)
0.19
1.00
1.00
0.23
1.07
0.78
0.24
1.09
0.80

Rotor with low remenance PM
Cogging Developed Torque
Torque
Torque
Ripple
(Norm)
(Norm)
(Norm)
0.06
0.61
1.27
0.08
0.75
0.81
0.09
0.77
0.90

The FE simulation results are fairly matching with the experimental results. The increase in the peak of
second half of the developed torque pattern with the introduction of shunt, which is observed during simulation
is perfectly reproduced during hardware experiments. An increase in cogging torque with the introduction of
square and trapezoidal shunt is observed in both simulation and hardware experiments. By simulation, there is
9% and 17% increase in the developed torque with the introduction of square and trapezoidal shunt respectively,
whereas the increase is 7% and 9% during hardware experimentation. The deviation between simulation and
hardware test results for developed torque and torque ripple is respectively 7.3% and 5.2% (maximum). With low
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remanence rotor, cogging and developed torque are reduced by 71% and 42%, respectively during simulation,
whereas the reduction is 69% and 40% while experimentation. The deviation observed between simulation
and hardware test results are 4.2% for cogging torque and 6.1% for developed torque. The inaccuracy and
discrepancy between the simulation and hardware test results shall be attributed by the complex magnetization
pattern in the magnetic circuits, fabrication tolerances and assembly related errors.

5. Conclusion
TFM has complex magnetic field distribution and extensive 3D finite element analysis (FEA) was carried out
to characterize the cogging torque which is generated due to the interaction between stator poles and rotor
permanent magnets. The effect of basic design variables of SM-TFM namely pole numbers, airgap, magnet
thickness, magnet remanence, pole-arc to pole-pitch ratios of stator and rotor poles on the production of cogging
torque is discussed. The peak cogging torque varies in a pattern with the pole number whereas the torque ripple
is found to increase with the increase in number of poles. A linear relationship is found to exist between the
airgap and the electromagnetic torque and on the other hand, it is inverse-square for the cogging torque. When
the magnet thickness is 57% of the stator pole thickness, the motor delivers maximum electromagnetic torque
and the cogging torque is 0.17 times the electromagnetic torque. Developed torque and torque ripple vary
linearly with the remanence except for the initial variation in the torque ripple. The pole-arc to the pole-pitch
ratio of the stator and rotor poles has a prominent effect on the developed torque of TFM. Based on the stator
and rotor pole-arc, two cases of SM-TFM have been identified and analyzed viz., one with maximum cogging
torque and the other with minimum cogging torque.
The conventional cogging torque mitigation techniques used in BLDC and PMSM motors are extensively
studied for SM-TFM and its effect on developed torque and torque ripple are analyzed in detail on the
identified two cases of SM-TFM. The different methods include skewing of rotor poles, notching of the stator
poles, introduction of stator asymmetry, provision of wedges at stator poles, segmentation of the magnets and
introduction of shunt. A comparative analysis of these techniques was carried out. Among all the cogging
torque mitigation techniques, introduction of trapezoidal shunt has provided an added advantage of an increase
in the electromagnetic torque in addition to the decrease in torque ripple with a minimal increase in the cogging
torque for both cases of SM-TFM.
To study the effect of cogging torque mitigation techniques, two hardware variants of SM-TFM were
realized, one with the modified stator having shunt and the other with the modified rotor having low remanence
permanent magnet. It is observed that the SM-TFM with a shunted stator and low remanence magnet is effective
with reduced torque ripple in addition to the improved electromagnetic torque. The introduction of the shunt
increased the peak of the second half of the developed torque pattern. The usage of low remanence magnets in
place of high remanence magnets in the rotor reduces the cogging torque by 69% with a 40% reduction in the
developed torque. Hence an SM-TFM with a shunted stator and low remanence magnet is proposed as the best
suited drive motor for the direct drive low speed precise position control spacecraft requirement.
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